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ABSTRACT 
 
 Understanding the recruitment dynamic of fishes is a critical component of fisheries 
research and management. However, the interplay of both biotic (i.e. spawning stock biomass 
and predation) and abiotic (i.e. water temperature and currents) factors throughout pre-recruit life 
stages makes recruitment predictions challenging. A combination of multiple variables is likely 
responsible for year-class strength and the prevalence of any individual factor may vary from 
year to year. Within Lake Michigan, yellow perch, Perca flavescens, have experienced 
widespread recruitment failure persisting from the early 1990s to the present. As one on the most 
sought after recreationally and commercially valuable native species within Lake Michigan, 
exhaustive research has attempted to identify the timing and factors influencing recruitment 
variability of yellow perch. Difficulties sampling and ageing juvenile fishes have largely limited 
these investigations to the larval and adult life stages, while the juvenile life stage has been 
understudied. To improve our knowledge of yellow perch early life history dynamics and 
accuracy of age estimates, I performed two separate studies. First, I examined size variability and 
size-selective mortality during the juvenile life stage of yellow perch in southwestern Lake 
Michigan. Second, I assessed the utility of sagittal otolith weight as a rapid and objective 
predictor of yellow perch age using random forest analysis. My investigation provided 
significant evidence of size-selective mortality beyond the first year of life and size-specific 
growth during the first year, overwinter period. Sagittal otolith weight provided accurate 
estimates of yellow perch age, although the utility of these estimates diminished as age 
increased. My results suggest that size-selective mortality may influence the size-structure, 
number of recruits, and therefore year-class strength of yellow perch in Lake Michigan. 
Additionally, age estimates from otolith weight represent a rapid and objective alternative to 
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traditional methods and may provide substantial resource savings. Further research is required to 
assess the population level influences of size-selective mortality in Lake Michigan while the 
utility of otolith weight as a predictor of age is likely species and system specific and should be 
investigated on an individual basis prior to implementation. 
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CHAPTER 1: OVERALL INTRODUCTION 
 
 Understanding the recruitment dynamic of fishes is a critical component of fisheries 
research and management. However, the interplay of both biotic (i.e. spawning stock biomass 
and predation) and abiotic (i.e. water temperature and currents) factors throughout pre-recruit life 
stages makes recruitment predictions challenging (Houde 2008). Size is widely regarded as one 
of the most important factors affecting survival to sexual maturity in fishes (Graeb et al. 2004; 
Werner and Gilliam 1984). Its importance cannot be understated during early life when rapid 
growth allows fishes to quickly progress through developmental bottlenecks during which 
mortality is greatest (Houde 1989; Werner and Gilliam 1984). While progressing through this 
ontogenetic gauntlet, faster growing fishes reach a larger size-at-age which directly influences 
resilience to environmental fluctuations, susceptibility to predation, foraging success and 
efficiency, maturation rate, and overwinter mortality (Neuheimer and Taggart 2007; Werner and 
Gilliam 1984). Physical processes (i.e. temperature, pH, and currents) as well as density 
dependent factors (i.e. competition and predation) influence growth rate with the magnitude and 
relative importance of each varying throughout ontogeny (Beletsky et al. 2007; Clapp and Horns 
2008; Pepin 1991). If size conveys a survival advantage, conditions that favor growth may also 
promote successful recruitment (Neuman et al. 1996). 
Lake Michigan is a highly dynamic system experiencing substantial spatial and temporal 
variation of biotic and abiotic conditions (Dettmers et al. 2005). Within the southern basin 
approximately 130 km separate its eastern and western shores where prevailing westerlies of the 
Midwest divide it spatially into a cool, western half frequented by upwellings and a warmer 
eastern shore characterized by downwellings (Beletsky et al. 2007; Gannon 1975; Horns 1989). 
Large-scale counter clockwise currents driven by strong fall and winter winds, advect larval 
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fishes from the nearshore areas and contribute to the movement of sand away from the western 
and towards the eastern shore (Beletsky et al. 1999; Janssen et al. 2005). These physical 
dynamics, along with vast size, create conditions similar to those found in marine systems. Over 
the last several decades Lake Michigan has been plagued by numerous non-native introductions. 
Invasive fishes such as the round goby (Neogobius melanostomus) and alewife (Alosa 
pseudoharengus) as well as invertebrates such as the spiny water flea (Bythotrephes longimanus) 
and dreissenid mussels (Dreissena spp.) have mechanistically altered the structure of the Lake 
Michigan food web through interference and exploitative competition with native species (Clapp 
and Horns 2008; Holt 1977; Persson 1985). Segregation of thermal conditions, heterogeneity of 
habitats, as well as changing predator and prey assemblages may alter growth rates and size-
selective pressures on native fishes influencing their survival to recruitment and year-class 
strength (Gannon 1975). 
Historically yellow perch, Perca flavescens, have been one of the most highly sought 
after native species by both commercial and recreational fishermen within Lake  
Michigan (Francis et al. 1996; Wilberg et al. 2005). However, prolonged recruitment failure 
since the early 1990s resulted in lake-wide closures of commercial fishing and stricter harvest 
regulations imposed on recreational angling within state jurisdictions (Francis et al. 1996; 
Madenjian et al. 2002; Wilberg et al. 2005). Intensive efforts to explain the past two decades of 
poor recruitment led to the formulation of the following five mechanistic hypotheses: 1) 
reproductive failure, 2) changes in zooplankton composition and density, 3) increased predation, 
4) temperature fluctuations, and 5) physical processes, that vary in effect throughout ontogeny 
(Clapp and Dettmers 2004; Redman et al. 2011). 
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 Yellow perch have a complex early life history similar to many marine fishes with a 
prolonged pelagic larval life stage often lasting over 60 days in Lake Michigan (Houde 1994; 
Weber et al. 2011; Whiteside et al. 1985). Due to these similarities and in effort to explain two 
decades of recruitment failure, yellow perch research has largely followed in the footsteps of 
marine systems focusing on growth and survival during larval and early juvenile life stages 
(Czesny et al. 2005; Fulford et al. 2006; Martin et al. 2011; Weber et al. 2011). Focus on the 
early life history of yellow perch has led to the general conclusion that recruitment success is set 
prior to the end of the first growing season (Fitzgerald et al. 2004; Pientka et al. 2003).  
 Recruitment strength in freshwater systems is often believed to be set during the juvenile 
life stage (Houde 1994). Despite high larval mortality, cannibalism of juvenile walleye (Sander 
vitreus) has been shown to influence variability of year-class strength (Forney 1976). Similarly, 
Ludsin and DeVries (1997) found largemouth bass (Micropterus salmoides) year-class strength 
to be dependent on multiple life stages prior recruitment (Ludsin and DeVries 1997). As the 
longest life stage prior to recruitment, the juvenile stage of yellow perch spans the end of the first 
growing season to sexual maturity, occurring around age-2 for males and 3 for females (Headley 
and Lauer 2008). Interestingly, this stage during which recruitment strength is often ascribed in 
freshwater systems, has received little attention by researchers (Creque and Czesny 2012; Hjort 
1914; 1926; Houde 1994). Without a thorough investigation into all life stages prior to 
recruitment, conclusions as to when year-class strength is determined cannot be accurately made. 
Difficulties associated with sampling and sample processing are at least partly to blame for the 
lack of investigation into the juvenile stage of yellow perch within Lake Michigan. 
Monofilament gillnets and fyke nets, commonly used to sample adult yellow perch, rarely 
capture fish younger than age-3, while bottom trawls specifically designed to capture age-0 fish 
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may not be effective for sampling age-1 and age-2 yellow perch that have sufficient vision and 
swimming capabilities to evade capture (Robillard and Dettmers 1998). In addition to size-
specific sampling, assessing the age of juvenile fishes is a tedious and time-consuming process 
(Pawson 1990). Scales, otoliths, vertebrae, spines, rays, and cleithrum are common structures 
used to estimate the age of fishes (Campana and Thorrold 2001; David and Pancharatna 2011; 
Labropoulou and Papaconstantinou 2000). Unfortunately, many of these structures require 
substantial preparation prior to age determination (i.e. otoliths and spines) while all have an 
element of subjectivity as age is assigned based on the judgment of one or more readers. As an 
alternative to these challenging techniques, total length at the end of a growing season has been 
used for assigning age to juvenile yellow perch in Lake Michigan (Creque and Czesny 2010; 
Redman et al. 2011). Although length cutoffs allow ages to be assigned rapidly, this method may 
be prone to substantial error if there is length overlap between many ages (DeVries and Frie 
1996). Ideal methods of ageing would provide rapid age determination with little error; thus far 
such a technique is not available for yellow perch and reliance on structures requiring large 
amounts of preparation and time to assess accuracy is necessary to minimize error. 
 To investigate temporal and spatial variation in size-at-age, size-selective mortality, and 
alternative methods of ageing yellow perch I undertook two separate analyses. In chapter two I 
examine whether temporal and spatial variation in age-0 yellow perch size structure influences 
size-selective mortality throughout the juvenile life stage. Yellow perch have been captured in 
Illinois waters of Lake Michigan from 2006-2010; utilizing sagittal otolith microstructure I 
estimate ages, temporal variation in size-at-age, and size-selective mortality. Back-calculations 
of size-at-age may be prone to error if size-at-age is not examined concomitantly with size-
selective mortality (Otterå 1992; Sinclair et al. 2002a; b). If mortality is great for large 
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individuals then back-calculated size-at-age will be smaller than what actually occurred, a 
process known as Lee’s Phenomenon (Campana 1990; Ricker et al. 1969). Similarly, if there is 
selective removal of the smallest individuals, back-calculated size-at-age will be larger than what 
was actually present in the population prior to small fish mortality (Francis 1990; Machiels and 
Wijsman 1996; Taylor et al. 2005). The magnitude of this problem is exacerbated as the 
difference between the current age and desired back-calculated size-at-age increases (Schirripa 
2002). Fortunately, artifacts introduced by size-selective mortality can be separated from growth 
by comparing known size-at-age to back-calculated size-at-age (Sinclair et al. 2002b). Utilizing 
five years of consecutive samples allowed for the separation of size-selective mortality and 
growth. I assess how temporal variation in size-at-age affects survival throughout the juvenile 
stage and provide a better understanding of factors influencing recruitment and year-class 
strength of yellow perch in Illinois waters of Lake Michigan.  
Spatial variability in age-0 size-at-age was examined utilizing yellow perch captured near 
Muskegon, Michigan and Waukegan, Illinois in 2010. Size in fishes is largely determined by 
temperature, prey availability, density, and physical exertion (Horns 2001; Power and van den 
Heuvel 1999). When food is not limiting, growth increases until a thermal optima is reached, 
usually around 23°C for yellow perch (Power and van den Heuvel 1999). At thermal optima 
metabolism is high and fishes require more energy to survive. Because of the east-west contrast 
in habitat, water temperature, physical conditions, as well as prey composition and abundance, it 
is likely that factors affecting growth and survival of yellow perch vary spatially within Lake 
Michigan (Carrick et al. 2001; Horns 1989).  
In chapter three I utilize random forest analysis to assess if otolith weight and covariates 
of total length, sex, sampling gear, and location and time of collection can be used as rapid and 
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accurate estimators of yellow perch age. Prior to estimating age from hard structures, length-
frequency histograms are often used to visualize size structure in attempt to identify age groups 
(Bettoli and Miranda 2001; DeVries and Frie 1996). When large numbers of fish must be aged, 
subsamples proportional to the overall number of fish within 10 mm or 25 mm length bins are 
commonly aged after which age is extrapolated to remaining fish not used in the subsample 
(Bettoli and Miranda 2001; DeVries and Frie 1996). Although common practice, overlap in 
length between different aged fishes may result in substantial misclassification when ages are 
extrapolated to the remaining individuals; a problem that tends to become exacerbated as age 
increases and growth slows (Francis and Campana 2004; Steward et al. 2009). Marine studies 
suggest that sagittal otolith weight may be used as a quick, reliable, and objective method of 
ageing fishes (Cardinale and Arrhenius 2004). Sagittal otolith weight is dependent on fish length 
and time; therefore fish of different ages but of similar lengths should have different otolith 
weights (Francis and Campana 2004; Reznick et al. 1989). Additionally, because otolith weight 
is directly measurable, subjectivity associated with variability between readers of hard structures 
will be minimized. If there is little overlap of otolith weight between different aged fishes, otolith 
weight may provide a rapid, accurate, and objective tool for estimating the age of yellow perch.  
 Here I examine size-selective mortality throughout the juvenile stage and the utility a 
rapid age metric, otolith weight, as a predictor of yellow perch age. Several authors have noted 
variability in size-at-age of juvenile yellow perch but most have focused on a relatively short 
time-span encompassing the first year of life (Fitzgerald et al. 2004; Marsden and Robillard 
2004; Wilberg et al. 2005). Predictions of yellow perch year-class strength in Lake Michigan are 
typically made from estimates of age-0 abundance in the fall (Makauskas and Clapp 2006; 
Marsden and Robillard 2004; Redman et al. 2011). However, significant size-selective mortality 
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occurring throughout the juvenile stage may bias estimates of recruitment based on relative 
abundance alone and may be improved by accounting for expected mortality of individuals 
below a critical size. I present a rigorous examination of yellow perch early life history in an 
effort to improve understanding of spatial and temporal size variability, estimates of future year-
class strength, and explore the use of a technique new to freshwater systems in an effort to 
reduce errors associated with ageing fishes.  
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CHAPTER 2: SIZE-SELECTIVE MORTALITY OF JUVENILE YELLOW PERCH IN 
SOUTHWESTERN LAKE MICHIGAN 
 
ABSTRACT 
 Yellow perch have experienced widespread recruitment failure within Lake Michigan 
since the early 1990s. Efforts to explain annual recruitment variability have primarily focused on 
the first year of growth, while the late juvenile life stage has largely been neglected. Juvenile 
yellow perch, age-0 through age-2, were collected annually from 2006-2010 in Illinois waters of 
Lake Michigan to assess temporal variability of size-at-age and size-selective mortality. Age-0 
yellow perch were also sampled in Michigan waters of the lake during 2010 to compare spatial 
differences of age-0 total length at capture. Age-0 and age-2 total length at capture differed 
significantly between years, yet the greatest variability occurred spatially between Michigan and 
Illinois waters with yellow perch from Michigan approximately 20 mm larger, on average, than 
those sampled in Illinois. Overwinter mortality was not observed for any year-class, however 
size-specific growth, with larger individuals growing faster than smaller counterparts, was 
observed during the first winter for all year-classes but 2006. Strong evidence of size-selective 
mortality between age-1 and age-2 of the 2006 year-class was observed with yellow perch less 
than 70 mm at age-1 not surviving through age-2. This study represents one of the most complete 
investigations into the juvenile life stage of yellow perch within Lake Michigan. Though 
population level implications remain unknown, identification of size-selective mortality 
occurring later then typically observed (between age-1 and age-2) highlights the significance of 
rapid growth during early life and the importance of investigating whole life stages to identify 
factors influencing year-class strength.   
Keywords: Yellow perch; Lake Michigan; Mortality; Juvenile; Size 
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INTRODUCTION 
 
 Fish recruitment is often set during early life, though the exact life stage is highly 
variable and dependent on species and system (Houde 1994; Houde 2008). Size is one of the 
most important factors influencing survival as larger fishes have fewer predators, slower 
metabolism, wider range of prey items, larger energy reserves, and greater swimming 
capabilities compared to smaller counterparts (Hjort 1926; Houde 2008; Werner and Gilliam 
1984). Within highly dynamic systems such as Lake Michigan, a variety of biotic and abiotic 
conditions influence the growth and survival of fishes at both temporal and spatial scales 
(Dettmers et al. 2005; Janssen et al. 2005). Examining the growth and survival dynamics of pre-
recruit fishes can increase our understanding of recruitment fluctuations that plague many 
species.  
 Yellow perch, Perca flavescens, have historically been one of the most sought after 
native species by both commercial and recreational anglers within Lake Michigan. However, 
prolonged periods of poor recruitment since the early 1990s led to a closure of commercial 
fishing, an imposition of stricter harvest regulations for recreational anglers, and formation of a 
lake-wide research collaborative to identify factors contributing to recruitment variability (Clapp 
and Dettmers 2004; Makauskas and Clapp 2006; Marsden and Robillard 2004). Due to the 
population level significance of mortality during early life stages for many marine and 
freshwater fishes, efforts to explain the past two decades of poor recruitment have focused on life 
stages prior to sexual maturity (Houde 1994). This research has led to the formation of the 
following five mechanistic hypotheses: 1) reproductive failure, 2) changes in zooplankton 
composition and density, 3) increased predation, 4) temperature fluctuations, and 5) physical 
processes, that vary in effect throughout ontogeny and impact year-class strength (Clapp and 
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Dettmers 2004; Redman et al. 2011). As a result, age-0 catch per unit effort (CPUE) in the fall 
has been used as a proxy of future recruitment at sexual maturity, which typically occurs at age-2 
for males and age-3 for females (Headley and Lauer 2008; Marsden and Robillard 2004; Redman 
et al. 2011).  
 Although understanding the recruitment dynamic of yellow perch has been the focus of 
much research, investigations of size variability and mortality throughout the juvenile life stage 
have been limited to the first winter or based off back-calculated lengths from adult otoliths 
(Fitzgerald et al. 2004; Horns 2001). Such studies may be biased as a result of incomplete 
examination and size-selective mortality occurring between the juvenile life stage and adult age 
at collection. Difficulties associated with sample collection and preparation at least partly 
contribute to the lack of investigation into the juvenile stage. Monofilament gillnets and fyke 
nets, commonly used to sample adult yellow perch, rarely capture individuals younger than age-
3, whereas bottom trawls specifically designed to capture age-0 yellow perch are not effective 
for sampling age-1 and age-2 individuals that have sufficient vision and swimming capabilities 
to evade capture (Robillard and Dettmers 1998). Additionally, ageing juvenile yellow perch is a 
time consuming and difficult task as their otoliths are too small for rapid and widely used 
preparation methods (i.e. crack and burn) and scales have repeatedly been shown to be less 
accurate than otoliths (Maceina and Sammons 2006; Pawson 1990; Robillard and Marsden 
1996).  
  In contrast to the larval stage, prolonged size-selective-mortality during the juvenile stage 
of freshwater fishes is believed to be non-random and largely attributed to overwinter mortality 
and predation (Houde 1994; Post and Evans 1989; Sogard 1997). This may be particularly true 
for yellow perch at the end of the first growing season, when schooling behavior concentrates 
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age-0 juveniles in benthic nearshore areas where they are vulnerable to high levels of predation 
and competition (Beverton 1995; Robillard and Dettmers 1998). Age-0 yellow perch returning to 
benthic nearshore areas in the fall range from 30 to 100+ days old with lengths ranging from 28 
mm to 98 mm (Weber et al. 2011). First-winter size-selective mortality has been shown to 
influence year-class strength of yellow perch in northern latitudes, thus size-variability may 
influence not only first-winter survival but survival to sexual maturity (Fitzgerald et al. 2004; 
Post and Evans 1989).  
Without thoroughly exploring the period spanning the juvenile life stage to sexual 
maturity, predictions of future year-class strength and conclusions as to which pre-recruit life 
stage year-class strength is set may be erroneous. If significant size-selective mortality occurs 
throughout the juvenile life stage, temporal and spatial variation of size-at-age may significantly 
influence year-class strength (Sissenwine 1984). The objectives of this study are to 1) investigate 
temporal and spatial variability of juvenile yellow perch size-at-age and 2) determine if size-
selective mortality occurs either over the first winter, between ages-1 and ages-2, or 
cumulatively throughout the juvenile life stage of yellow perch in Illinois waters of Lake 
Michigan.  
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MATERIALS AND METHODS 
 
Sample Collection 
 Juvenile yellow perch were collected annually from 2006-2010 at three fixed locations in 
northern Illinois waters of Lake Michigan during August and September and at one location near 
Muskegon, Michigan in September of 2010 (Figure 2.1). Monofilament gill nets, 40.3 m long, 
with stretch lengths of 12.5, 16.0, 20.0, and 25.0 mm were set in depths of 3-10 m for at least 
two hours after which fish were removed, sorted by mesh size, euthanized, and stored in ethanol. 
Total length was recorded to the nearest 0.01 mm, and sagittal otoliths (hereafter otoliths) were 
removed upon returning to the laboratory. Otoliths have been shown to accurately chronologize 
age and growth of yellow perch and were therefore used to assign ages, back-calculate size-at-
age, and assess size-selective mortality (Maceina et al. 2007; Vandergoot et al. 2008). Otoliths 
were processed following a modified version from Secor et al. (1991) and were: 1) attached 
horizontally to a glass slide with crystalbond 509 thermoplastic glue, 2) polished to within close 
proximity of the focus using 800 grit wet or dry sandpaper and 3 micron lapping film, 4) 
unattached and mounted vertically to a separate slide, and 5) again polished until a clear view of 
the focus and any annuli was evident (Figure 2.2). Otoliths were then photographed using a 
digital camera attached to a compound microscope and radius was measured to the nearest 0.001 
mm. A subset of otoliths (200) was read by two additional readers and estimated age was then 
compared to ages assigned by reader one to assess age reproducibility and percent agreement 
(Campana et al. 1995). 
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Size-at-Age 
 Otoliths are present prior to hatch in yellow perch therefore proportionality between 
somatic and otolith growth occurs during early life (Craig 2000; Fitzgerald et al. 2004; Maceina 
et al. 2007). As a result of this and the observed strong, linear relationship between total length 
and otolith radius (Figure 2.3; R
2
=0.93), the Dahl-Lea method (Li=(Ri/Rc)Lc where Li=total 
length at previous age, Ri= otolith radius at previous age, Rc= otolith radius at capture, and Lc= 
total length at capture) was used to back-calculate size-at-age. This method, which assumes a 
direct proportionality between otolith and somatic growth, has been shown to provide accurate 
back-calculations of total length for yellow perch and was selected over other methods (i.e. 
Frasier-lee or Biological intercept) that include an intercept to represent the point where somatic 
and body growth becomes proportional (Blackwell and Kaufman 2012; Campana 1990; Vigliola 
and Meekan 2009). Back-calculated total lengths at previous ages (Li) were calculated for all 
yellow perch older than age-0. Temporal variation of juvenile yellow perch total length at 
capture was examined each year using a one-way analysis of variance (ANOVA; =0.05) and 
significant results were followed by Tukey-Kramer (Tukey HSD; =0.05) mean separation tests. 
A two-sample t-test (=0.05) was used to investigate spatial variation of age-0 total length 
between yellow perch sampled in Illinois and Michigan waters of Lake Michigan in 2010. 
 
Size-Selective Mortality 
 First-year overwinter mortality was evaluated using Kolmogorov-Smirnov (K-S Test, 
=0.05) two-sample asymptotic tests, to compare length-frequency distributions from age-0 
yellow perch sampled in the fall to back-calculated length distributions at the start of age-1 the 
following year (Fitzgerald et al. 2004). Pre and post winter distributions were then converted to 
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quantile distributions (quantiles: 1, 5, 10, 25, 50, 75, 90, 95, and 99); these quantiles have a 
linear relationship when plotted against each other (Q-Q plot) and allow for a separation of 
growth and mortality by testing whether the slope and intercept are different from 1 and 0 
respectively (t-test, =0.05) (Fitzgerald et al. 2004; Post and Evans 1989). Annual size-selective 
mortality of a given year-class between age-1 and age-2 was examined by first back-calculating 
total length at the start of age-1 from fall caught age-1 fish. The same year-class was then 
resampled a year later, at age-2, and used to back-calculate total length at the start of age-1. By 
comparing total length at the same point in time, start of age-1, influences of growth between 
sampling events are eliminated and, as a result, distributions and mean total length were 
compared directly using K-S tests and t-tests (=0.05), respectively. Significant differences in 
the distributions and mean back-calculated total lengths are indicative of size-selective mortality 
between sampling events (Sinclair et al. 2002a; b). Lastly, cumulative size-selective mortality 
from age-0 through age-2 was investigated by comparing age-0 length frequency distributions to 
back-calculated length distributions at the start of age-1 based on yellow perch sampled two 
years later (age-2). By back-calculating total length at the start of age-1 from age-2 yellow perch, 
the effect of growth between sampling events is minimized and allows for the separation of 
growth and mortality using K-S tests and Q-Q plots as previously described. All statistical 
analyses were conducted with SAS software version 9.2 (SAS Institute, Cary, NC).  
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RESULTS 
Spatiotemporal Variation of Size-at-Age 
 A total of 1,404 juvenile yellow perch were sampled and aged for analysis. Estimated age 
from 200 randomly selected yellow perch did not differ significantly between readers and overall 
percent agreement with reader-1 was high at 95% for both readers two and three (Table 2.1). 
Within Illinois, mean total length of age-0 yellow perch differed significantly between years 
(ANOVA, F4,511=8.83, p<0.001) with little variability, ranging from 60.2 mm to 64.6 mm (Tukey 
HSD; p< 0.05; Table 2.2). Although annual differences in mean total length at capture were not 
detected at age-1 (ANOVA, F4,373=1.37, p=0.24), length at capture varied significantly for age-2 
yellow perch (ANOVA, F2,70=6.43, p=0.003). Variability between years was low ranging from 
113.4 mm to 124.6 mm (Tukey HSD; p<0.05; Table 2.2). Mean total length of age-0 yellow 
perch during 2010 differed spatially between the eastern and western shores of Lake Michigan 
with yellow perch sampled near Muskegon, Michigan 20 mm, on average, larger than those 
sampled near Waukegan, Illinois (t-test, t371=29.62, p<0.001; Table 2.2).  
 
First Winter Size-Selective Mortality 
  Pre- and post-winter length frequency distributions differed significantly each year with 
Q-Q plots suggesting this difference was largely due to growth between sampling events (Figure 
2.4). Pre-winter length distribution of the 2006 year-class was bimodal with peaks at 55 mm and 
65 mm and differed significantly from the unimodal post-winter distribution that was shifted up 
the length axis (K-S, D244,75=0.44, p<0.001; Figure 2.4a). The Q-Q plot of these distributions 
indicated a line shifted above the 1-1 line with a slope not significantly different from 1 (t-test, 
t7=0.71, p=0.501) and an intercept different from 0 (t-test, t7=3.31, p=0.013; Figure 2.4a). A 
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proportionate shift of all quantiles above the 1-1 line is most likely indicative of equal growth of 
all size-classes between sampling events (Post and Evans 1989). Pre- and post-winter 
distributions of the 2007 year-class were distinctly unimodal and differed significantly with the 
post winter distribution, positively drawn out along the length axis (K-S, D65,257=0.52, p<0.001; 
Figure 2.4b). Examination of the Q-Q plot of these distributions revealed a slope significantly 
different from 1 (t-test, t7=5.63, p<0.001) and an intercept different from 0 (t-test, t7=4.57, 
p=0.003; Figure 2.4b). A disproportionate increase of the upper quantiles relative to the lower 
quantiles is often indicative of size-specific growth where larger individuals are growing faster 
than their smaller counterparts (Post and Evans 1989). Pre- and post-winter distributions of the 
2008 year-class were significantly different (K-S, D43,12=0.50, p=0.017) though few age-1 yellow 
perch were captured in 2009 (Figure 2.4c). The Q-Q plot of these distributions revealed a slope 
significantly different from 1 (t-test, t7=2.63, p=0.034) and an intercept not significantly different 
from 0 (t-test, t7=1.59, p=0.156). These results are similar to the previous year (2007) and 
suggest size-specific growth between sampling events. Lastly, pre- and post-winter distributions 
of the 2009 year-class differed significantly, with the post winter distribution shifted up the 
length axis (K-S, D43,22=0.57, p=0.002; Figure 2.4d). The Q-Q plot revealed a slope significantly 
different from 1 (t-test, t7=5.33, p=0.001) and an intercept significantly different from 0 (t-test, 
t7=3.74, p=0.007), again supporting size-specific growth between sampling events. 
 
Annual Size-Selective Mortality 
 Annual investigation of size-selective mortality was limited to the 2005, 2006 and 2008 
year-classes as no age-2 yellow perch were collected  in 2009 (Table 2.2). Total length 
distribution of the 2005 year-class at age-1 in 2006 did not differ significantly from the back-
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calculated age-1 total length distribution from collections at age-2 in 2007 (K-S, D12,8=0.33, 
p=0.66; Figure 2.5a). Similarly, comparisons of mean total length between sampling events 
revealed no significant differences (t-test, t18=1.00, p=0.331) and little evidence of size-selective 
mortality between ages-1 and ages-2 (Figure 2.5a). Conversely, the 2006 year-class provided 
strong evidence of size-selective mortality between ages-1 and ages-2. Examination of the age-1 
distribution in 2007 and age-1 distribution back-calculated from age-2 in 2008, revealed 
significant differences (K-S, D75,42=0.44, p<0.001) with an abrupt truncation at 70 mm (Figure 
2.5b). Additional evidence of size-selective mortality was observed through comparisons of 
back-calculated mean total lengths. On average, yellow perch from the 2006 year-class sampled 
at age-1 were 6.8 mm smaller (t-test, t115=5.19, p<0.001) than those sampled at age-2 and back-
calculated to age-1; this is indicative of a scenario where small individuals have been removed 
between sampling events, resulting in a back-calculated length at age that is larger than what was 
actually observed. Lastly, the age-1 distribution of the 2008 year-class differed significantly from 
the age-1 back-calculated distribution from age-2 yellow perch sampled in 2010 with the length 
distribution shifted towards smaller sizes (K-S, D12,23=0.57, p=0.011). This suggests removal of 
the largest individuals between sampling events, though a similar trend was not observed from 
comparisons of back-calculated mean total lengths (t-test, t33=1.77, p=0.087; Figure 2.5c). 
Disagreement between length distribution and mean total length comparisons may be partially 
attributed to small sample size, making inferences regarding annual mortality in 2008 
ambiguous.  
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Cumulative Size-Selective Mortality 
 Two year-classes, 2006 and 2008, could be followed from age-0 through age-2 as no age-
2 yellow perch were captured in 2009 (Table 2.2). The total length distribution of age-0 yellow 
perch sampled in 2006 differed significantly from the back-calculated age-1 length distribution 
from age-2 in 2008 (K-S, D244,42=0.79, p<0.001; Figure 2.6a). The Q-Q plot of these 
distributions revealed a slope not significantly different from 1 (t-test, t7=1.96, p=0.092) and an 
intercept significantly different from 0 (t-test, t7=5.60, p<0.001; Figure 2.6a). As previously 
observed during the overwinter examination, a proportional increase of all quantiles is typically 
associated with equal growth of all size-classes between sampling events. The total length 
distribution of age-0 yellow perch sampled in 2008 did not differ significantly from the back-
calculated age-1 length distribution from age-2 yellow perch sampled in 2010  (K-S, D43,23=0.30, 
p=0.129). The Q-Q plot of these distributions failed to indicate a slope that was different from 1 
(t-test, t7=1.73, p=0.127) or intercept different from 0 (t-test, t7=1.16, p=0.283) providing no 
evidence of cumulative size-selective mortality or growth between sampling events of the 2008 
year-class (Figure 2.6b). 
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DISCUSSION 
 Juvenile yellow perch size-at-age varies greatly, both spatially and temporally within 
Lake Michigan. Variability of size-at-age appears to influence survival throughout the juvenile 
life stage, though not in a predictable way. Water temperature is often identified as one of the 
most important variables influencing growth and has been shown to vary annually and spatially 
throughout Lake Michigan (Power and van den Heuvel 1999; Redman et al. 2011). Weber et al. 
(2011) found protracted spawning of yellow perch within Lake Michigan, resulting in hatch 
distributions ranging from 9-11 weeks and lengths of newly settled, demersal, age-0 yellow 
perch ranging from 28 mm to 98 mm (Weber et al. 2011). Additionally, the abundance of spottail 
shiner, Notropis hudsonius, and alewife, Alosa pseudoharengus, both of which experience diet 
overlap with yellow perch during early life, appear to influence the abundance of yellow perch at 
age-2 (Creque and Czesny 2012; Forsythe et al. 2012). Together, protracted spawning, 
differences in growing degree-days, and diet overlap with native and non-native species likely 
influence age-0 growth and contribute the small yet significant differences we observed in age-0 
length-at-capture. 
 Physical and geological heterogeneity of environments influences prey and habitat 
availability for fishes throughout Lake Michigan (Horns 2001; Janssen et al. 2005; Wilberg et al. 
2008). As a result, juvenile yellow perch sampled from Illinois waters of Lake Michigan have 
been shown to feed predominantly on benthic invertebrates, while those from Michigan waters 
consume primarily zooplankton (Happel et al. 2013, unpublished). Differences in diet and 
growing conditions likely contributed to the large (20 mm) spatial difference of age-0 length-at-
capture we observed, Temporal differences in survival resulted from relatively small differences 
in mean total length at the end of the first growing season (4.4 mm) thus large spatial differences 
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in age-0 growth may influence survival in varying magnitudes throughout the lake. Because our 
investigation was limited to a single year and location, additional samples encompassing a wider 
area over multiple years are necessary to assess lake-wide variability of biotic and abiotic 
conditions and improve our understanding of juvenile yellow perch growth and survival 
throughout Lake Michigan. 
 Size-specific growth occurs frequently during the early life of fishes as the breadth of 
energetically favorable prey items increases in response to diminished gape limitation (Byström 
et al. 2012). Individuals with an initial size-advantage are able to capitalize on newly available 
prey resources promoting disproportionate growth within a cohort. Rapid growth shortens stage 
durations which may increase survival and year-class strength (Houde 2008). For example, early-
hatched largemouth bass often transition to piscivory more rapidly than smaller counterparts 
(Post 2003). This diet shift, considered a critical period in largemouth bass development, allows 
larger individuals to grow more rapidly than smaller members of the same cohort thus relaxing 
size-dependent predation and overwinter mortality (Post 2003; Post et al. 1998). We observed 
size-specific growth between age-0 and age-1 yellow perch, with larger individuals growing 
faster than smaller counterparts. Yellow perch are a generalist feeder that transition from 
zooplankton to benthic invertebrates and, when gape becomes large enough, to piscivory (Creque 
and Czesny 2012). Recently, invasive round goby have been documented in juvenile yellow 
perch diets serving as a novel forage source for yellow perch in Lake Michigan (Happel et al. 
2013, unpublished). A transition to more abundant and energetically favorable prey items (i.e. 
benthic invertebrates and round goby) likely contributes to the size-specific growth observed in 
our analysis. Though effects on survival remain unknown, size-specific growth may contribute to 
increased survival through the juvenile life stage. 
 27 
 Size-selective mortality was not observed during the first winter of any year-class, 
consistent with previous overwinter investigations within Lake Michigan (Fitzgerald et al. 2004). 
Although we did not observe size-selective mortality over the first winter, significant mortality 
may still be occurring. Kolmogorov-Smirnov tests and Q-Q plots can only be used to detect size-
selective mortality if a transitional size, above or below which mortality occurs, is spanned 
within the analysis. If this transitional size occurs after the first growing season, all individuals 
sampled prior may be subjected to significant, negative, size-selective pressures though mortality 
would be not be detected. We observed size-selective mortality of the 2006 year-class between 
age-1 and age-2. An abrupt truncation of the age-1 back-calculated distribution suggests that 
yellow perch less than 70 mm at the start of age-1 did not survive through age-2; thus 70 mm 
may be a critical length below which occurs high mortality. Size-specific growth was not 
observed between age-0 and age-1 of the 2006 year-class yet this was the only year-class to 
experience significant size-selective mortality; size-specific growth during early life may be 
influencing survival dynamics later during the juvenile life stage.  
 Due to low annual catches, our investigation of size-selective mortality between age-1 
and age-2 was primarily limited to the 2006 year-class. Further examination is required to assess 
the frequency and population level influences of size-selective mortality beyond occurring 
beyond the first growing season. However, if a critical length occurs around 70 mm, after the 
first growing season, previous conclusions about the juvenile life stage based off a single winter 
examination may be biased, as all individuals would be equally selected against. Additionally, 
conclusions from length back-calculations of adult otoliths may be misleading if size-selective 
mortality occurred at any point after the time of interest and prior to collection. Over or 
underestimated back-calculated size-at-age can result, depending on the direction of selection, a 
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scenario re erre  to as Lee’s Phenomenon (Duncan 1980). Our results highlight the importance 
of real-time investigations of size-at-age to identify mortality and obtain accurate estimates of 
size-at-age. 
 At the end of the first growing season, localized yellow perch density increases as age-0 
juveniles concentrate in the benthic nearshore areas. Eurasian perch (Perca fluviatilis) have been 
shown to cannibalize members of their own species when densities are high and there is 
sufficient size-variability within and between cohorts; an outcome that results in larger 
individuals growing faster than their smaller counterparts (Byström et al. 2012; Huss et al. 2010; 
Persson et al. 2000). If similar conditions apply to yellow perch, protracted spawning resulting in 
a wide range of age-0 lengths may allow intra-cohort cannibalism to occur. Individuals able to 
capitalize on a newly available, energy rich prey item (small perch) would likely experience an 
increased growth rate and may explain size-specific growth observed in our results. Additionally 
inter-cohort cannibalism may be a potential mechanism by which we observed size-selective 
mortality between age-1 and age-2. Age-2 yellow perch of the 2006 year-class were significantly 
larger than the 2005 and 2008 year-classes and this was the only year-class for which size-
selective mortality was observed. If age-2 and older yellow perch reach a large enough size to 
consume smaller counterparts, inter-cohort cannibalism may explain the absence of age-1 yellow 
perch less than 70 mm surviving to age-2. An investigation of fall diets from late juvenile and 
adult yellow perch is required to determine if intra- or inter-cohort cannibalism is contributing to 
size-specific growth and size-selective mortality. 
 Cumulative mortality was not observed for either the 2006 or 2008 year-classes despite 
finding significant annual mortality between ages-1 and ages-2 of the 2006 year-class. Lack of 
corroboration between annual and cumulative investigations can likely be explained by lower 
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sensitivity to changes in distributions from the Q-Q plot analysis. Q-Q plots represent one of the 
few methods able to separate growth from mortality of age-0 fishes; unfortunately large 
differences must be observed at multiple, consecutive quantiles to observe a significant change 
of slope. Another potential problem of using Q-Q plots to examine cumulative mortality arises 
when size-specific growth obfuscates size-selective mortality occurring over another life stage. 
For ages greater than 1, measurements from the beginning or end of an annulus serve as a 
discrete reference point and allow for a direct comparison of distributions and average total 
length, eliminating difficulties associated with age-0 fish (Sinclair et al. 2002b). 
  Despite extensive literature describing the recruitment variability of yellow perch in 
Lake Michigan, our study represents one of the first investigations of size-selective mortality 
during the juvenile life stage. Size-selective mortality was observed later than expected, between 
age-1 and age-2, and highlights several considerations that should be accounted for prior to 
investigating size-selective mortality. First, sufficient year-classes should be sampled to 
encompass natural variation in selection pressures and second, range of investigation should span 
a biologically meaningful size-range or complete life stage as size-selective mortality can only 
be viewed at a transitional period. Earliest predictors of year-class strength are of the most use to 
managers, however, there is a trade-off between early notice and quality of information 
(Bradford 1992; Makauskas and Clapp 2006). Estimates of recruitment from age-0 yellow perch 
may not provide an accurate representation of future year-class strength if significant mortality 
occurs after the first growing season. Though population level impacts remain unknown, 
mortality during the juvenile life stage may be contributing to recruitment variability observed 
within Lake Michigan; thus, recruitment conclusions from single life stage investigations may 
oversimplify a complex process that fluctuates between life stages and years. A synergistic 
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examination of all pre recruit life stages will allow for a determination of how early life 
dynamics interact and persist to influence the number and characteristics of recruits at sexual 
maturity. 
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CHAPTER 2: FIGURES AND TABLES 
Table 2.1. Number, mean age, and 95% confidence limits from a subsample of 200 sagittal 
otoliths in relation to age estimated by reader 1.  
  Reader 2 Reader 3 
Reader 1 Age N Mean Age±95% CL Mean Age±95% CL 
0 92 0.03±0.036 0.01±0.022 
1 90 1.00±0.044 0.94±0.058 
2 18 1.83±0.177 1.83±0.177 
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Table 2.2. Number, mean total length at capture, and standard error (in parenthesis) of juvenile 
yellow perch sampled each year and location within Lake Michigan. Letters denote annual 
differences in total length (1-way ANOVA, =0.05) between years within an age group, while 
an asterisk indicates length differences between age-0 yellow perch collected near Waukegan, 
Illinois and Muskegon, Michigan during 2010 (t-test, =0.05). 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Age 
Year-Class 0 1 2 
2005 NA 12, 99.72 (2.250) 8, 119.00ab (5.699) 
2006 244, 64.07a (0.457)  75, 92.65 (1.130) 42, 124.58a (1.952) 
2007 65, 60.15b (0.605) 257, 91.86 (0.836) NA 
2008 43, 64.58ac (1.081) 12, 90.28 (2.864) 23, 113.38b (1.928) 
2009 43, 61.18bc (0.772) 22, 94.40 (2.901) NA 
2010 Waukegan, IL 121, 61.18b (0.480) NA NA 
2010 Muskegon, MI 437, 81.17* (0.475) NA NA 
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Figure 2.1. Map of sampling locations within Illinois and Michigan waters of Lake Michigan. 
Circles represent sampling locations while stars represent cities. 
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Figure 2.2. Example of a completed age-1 yellow perch sagittal otolith. 
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Figure 2.3. Total length of yellow perch regressed against otolith radius for all ages sampled in 
Illinois waters of Lake Michigan. 
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Figure 2.4. First-year overwinter comparison of distributions and quantile-quantile plots of the 
(a) 2006, (b) 2007, (c) 2008, and (d) 2009 year-classes. Significant differences of distributions 
(Kolmogorov-Smirnov, D) an  s o e≠1 an  interce t≠0 (t-tests) of the quantile-quantile plots 
were declared at   ≤ 0.05 and are indicated within each panel. 
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Figure 2.4. Continued. 
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Figure 2.5. Annual comparison of distributions and mean total length of age-1 yellow perch 
back-calculated to the start of age-1 and age-2 yellow perch sampled a year later and back-
calculated to the start of age-1 from the (a) 2005, (b) 2006, and (c) 2008 year-classes. Significant 
differences of distributions (Kolmogorov-Smirnov, D) and differences in mean back-calculated 
total lengths (two-sample t-tests) were declared at   ≤ 0.05 and are indicated within each panel. 
Bars denote standard error. 
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Figure 2.6. Cumulative (age-0 through age-2) comparison of distributions and quantile-quantile 
plots of the (a) 2006 and (b) 2008 year-classes. Significant differences in distributions 
(Kolmogorov-Smirnov, D) an  s o e≠1 an  interce t≠0 (t-tests) of the quantile-quantile plots 
were declared at   ≤ 0.05 and are indicated within each panel. 
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CHAPTER 3: UTILIZING RANDOM FOREST ANALYSIS WITH OTOLITH WEIGHT 
AND TOTAL FISH LENGTH TO OBTAIN RAPID AND OBJECTIVE ESTIMATES OF 
FISH AGE 
 
ABSTRACT 
Age estimates from otolith morphometrics represent a rapid and objective alternative to 
traditional ageing techniques though their use has been limited to marine and short-lived 
freshwater species. Within Lake Michigan, yellow perch have experienced lake-wide recruitment 
failure since the early 1990s; efforts to explain recruitment variability have been hampered by 
the time and resources required to obtain accurate estimates of age. We utilized random forest 
analysis with otolith weight, total length and several temporal and spatial predictor variables to 
assess variable importance and accuracy of age estimates for age-0 through age-11 yellow perch 
in southwestern Lake Michigan. Accuracy of age predictions decreased with increasing age as 
96% of juvenile (age-0 through age-2) ages were predicted correctly compared to only 55% for 
adults (age-3 through age-11). Otolith weight was the most important predictor variable; 
however, substantial overlap existed among adult ages. Utility for adults and long-lived species 
appears limited, however random forest analysis utilizing otolith weight represents an applicable 
tool to reduce subjectivity and resource expenditure while providing accurate age estimates for 
juvenile and short-lived fishes.  
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INTRODUCTION 
 Estimating the age of individual fishes is one of the most frequently undertaken 
endeavors in fisheries management (Campana 2005; Francis et al. 2005). Although proportions 
at age provide information on population demographics (i.e. population age-structure), individual 
age estimates are required to assess variation around mean estimates of catch-per-unit-effort at 
age and identify unique characteristics that affect survival and ultimately have an influence at the 
population level (Isermann and Knight 2005). Scales, otoliths, vertebrae, spines, rays, and 
cleithrum are often used to estimate the age of fishes; unfortunately, many of these structures 
require substantial preparation prior to age determination while all have an element of 
subjectivity as age is assigned based on the judgment of one or more readers with varying levels 
of experience (Cardinale and Arrhenius 2004; Doering-Arjes et al. 2008; Steward et al. 2009). 
Subjectivity of age estimates often increases with age thus decreasing the accuracy and precision 
of age estimates for long-lived fishes (Maceina and Sammons 2006; Robillard and Marsden 
1996). Otoliths are one of the most common, accurate, and least subjective hard structures used 
to estimate the age of fishes yet substantial preparation time is typically required prior to age 
elucidation (Blackwell and Kaufman 2012; Maceina et al. 2007; Vandergoot et al. 2008). 
 Age estimates from otolith morphometrics have been explored as an alternative to reader 
based estimates, as measurable characteristics may increase rapidity and reduce subjectivity 
introduced by varying levels of preparer experience. Of these characteristics, otolith weight is 
often highly correlated with age and has been shown to provide rapid and accurate estimates of 
age for young marine and short-lived freshwater species (Boehlert 1985; Lepak et al. 2012). The 
utility of otolith weight stems from layers of calcium carbonate that are continually deposited on 
the surface of otoliths; as a result, when comparing individuals of similar length but of different 
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ages, older fishes tend to have heavier otoliths than younger counterparts (Francis and Campana 
2004).  
 Otolith weight based predictions of age represent an attractive alternative to traditional 
ageing techniques but strong relationships also often exist between age and other morphological 
variables (i.e. total length) that may vary between sexes, over time, and with location of capture 
(Boehlert 1985). Incorporation of individual characteristics such as total length and sex as well 
as year and location of collection are discriminating variables that should be included in otolith 
weight based age prediction models (Francis and Campana 2004; Lepak et al. 2012). Typically, 
many of these variables are highly correlated (i.e. otolith weight and total length) and must be 
transformed or excluded from model creation (Lepak et al. 2012). Additionally, in most 
applications, fishes are collected during few sampling events, at different times throughout the 
year, and age is estimated to the nearest whole value. This converts age, a continuous variable, to 
a discrete value and makes parametric techniques such as regression analysis inappropriate for 
age prediction (Cardinale and Arrhenius 2004).  
 Random forest analysis using otolith weight, total length, sex, as well as location and 
timing of sample collection has been used to obtain rapid and accurate age estimates for short-
lived, age-1 through age-4, kokanee salmon (Oncorhynchus nerka) from Colorado reservoirs 
(Lepak et al. 2012). Random forest analysis utilizes a user-defined ensemble of individual 
classification or regression trees to predict the dependent variable as a result of majority vote or 
average assignment across trees (Strobl et al. 2007; Strobl et al. 2009). When proper precautions 
are employed, random forest analysis allows correlated variables to be utilized without 
transformation or exclusion to obtain unbiased predictions and estimates of variable importance. 
Additionally, random forest analysis has been shown to perform well in situations where the 
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number of predictor variables is large and the number of samples is small (Mitchell 2011). Ideal 
age prediction methods maximize accuracy while minimizing time expenditure and subjectivity 
of estimates, thus random forest analysis with otolith weight appears to represent a promising 
alternative to parametric approaches. 
 Yellow perch, Perca flavescens, are a long-lived, freshwater species native to the Great 
Lakes region of North America where they are heavily sought after by both commercial and 
recreational anglers (Sepulveda-Villet et al. 2009). Within Lake Michigan, yellow perch have 
experienced pronounced recruitment fluctuations dating to the early 1990s resulting in reduced 
recreational bag limits and a cessation of commercial fishing (Clapp and Dettmers 2004; 
Marsden and Robillard 2004). Given the scale of this fishery, intensive efforts have been made to 
better understand the recruitment dynamics of this species and age estimation is often a desired 
goal. Unfortunately, the time required to obtain reliable age estimates places an enormous 
resource burden on management agencies, as both juvenile and adult yellow perch otoliths 
require substantial preparation prior to age estimation. In an effort to reduce subjectivity and 
time required to obtain age estimates, our objectives were to 1) through random forest analysis, 
examine the utility of two age estimation metrics, otolith weight and total fish length along with 
several spatial and temporal predictor variables as predictors of yellow perch age and 2) assess 
the importance of variables used in age predictions. We simultaneously assess the utility of 
otolith weight, through random forest analysis, as a predictor of age for long-lived freshwater 
species and the applicability of an alternative tool for researchers throughout the Great Lakes. 
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MATERIALS AND METHODS 
Sample Collection 
 Juvenile and adult yellow perch were sampled annually from 2006-2010 at several fixed 
locations in northern Illinois waters of Lake Michigan (Figure 3.1). For convenience we refer to 
all individuals less than age-3 as juveniles and those age-3 and older as adults despite the 
possibility that some males may be sexually mature by age-2 (Headley and Lauer 2008). Adult 
yellow perch were sampled during April, May and June, in 121.9-m monofilament gill nets with 
stretched mesh lengths of 50.8, 63.5, 76.2, and 88.9-mm; locations were selected as part of a 
standardized, on-going, sampling scheme designed to target adults near known spawning 
locations (Robillard and Marsden 2001). Juvenile yellow perch were sampled in 3-10 meters of 
water during August and September using 40.3-m monofilament gill nets with stretched mesh 
lengths of 12.5, 16.0, 20.0, and 25-mm; juveniles were targeted while concentrated in benthic 
nearshore areas during fall months (Creque and Czesny 2012). Adult gill nets were set overnight 
while juvenile nets were set for at least two hours after which yellow perch were removed, 
euthanized, and stored in ethanol or frozen prior to dissection.  
 Total length was recorded to the nearest 1 mm, sagittal otoliths (hereafter otoliths) were 
removed, and sex was determined upon returning to the laboratory. All intact otoliths were 
cleaned, dried, and weighed to the nearest 0.01 mg before being processed for age analysis. 
Otoliths from adult yellow perch were aged usin  the “crack an    rn” metho  an   as ann   s 
formation does not typically occur until July or August, adult age was assigned as a count of 
visible annuli plus one (Christensen 1964; Robillard and Marsden 1996). Adult otoliths were 
read by three separate individuals and only otoliths with 100% agreement were used for analysis. 
Otoliths from juvenile yellow perch were processed following a modified version from Secor et 
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al. (1991) where otoliths were: 1) attached horizontally to a glass slide with crystalbond 509 
thermoplastic glue, 2) polished to within close proximity of the focus using 800 grit wet or dry 
sandpaper and three micron lapping film, 4) unattached and mounted vertically to a separate 
slide, and 5) again polished until a clear view of the focus and any annuli was evident (Figure 
3.2). A subset of 200 juvenile otoliths was read by two additional readers and estimated age was 
then compared to ages assigned by reader one to assess age reproducibility and percent 
agreement (Campana et al. 1995).  
 
Statistical Analysis 
 Random forest analysis may be prone to significant error as variable selection and 
measures of importance may be biased towards variables with many categories; additionally 
highly correlated variables (i.e. otolith weight and total length) and variables of different types 
(i.e. total length versus sex) may lead to spurious variable importance measures. To eliminate 
this  ias  we  ti ize  the c orest   nction within the “Party”  acka e (Hothorn et al. 2006; Strobl 
et al. 2008; Strobl et al. 2007; version 1.0-6) in R (R Development Core Team 2011) to perform 
random forest analysis and make age predictions. Subsampling without replacement was used for 
tree creation to avoid artificial associations that arise between predictor variables as a result of 
bootstrapping with replacement, which may bias variable selection and measures of importance 
(Strobl et al. 2007; Strobl et al. 2009). Subsampling without replacement utilizes 63.2% of the 
supplied data for individual tree creation while the remaining 36.8% is left out, out-of-the-bag 
(OOB), and used to estimate misclassification error rate and serve as a built-in form of cross-
validation (Cutler et al. 2007; Strobl et al. 2007; Strobl et al. 2009).  
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 Our goal was to examine whether a relatively small number of aged samples could be 
utilized to accurately predict the age of many samples not used in model creation. We report and 
compare both OOB error rates and error rates obtained when the resulting forest was applied to 
predict ages of a much larger, separate, test dataset for external model validation. Conditional 
variable importance was utilized in concert with subsampling without replacement to eliminate 
artificial importance of correlated predictor variables (i.e. total length and otolith weight). A 
sufficiently large number of trees (5,000) were used and several different random seeds were 
tried to insure stability of results; conditional variable importance is reported as a predictor 
variables mean decrease in accuracy (Strobl et al. 2008; Strobl et al. 2009). 
 Growth sexual dimorphism is commonly observed in yellow perch populations, thus, in 
an effort to incorporate length variability between sexes, subsamples consisting of a maximum of 
50 juveniles per year as well as 50 adults of each sex per year were included in forest creation 
(Uphoff and Schoenebeck 2012). Any remaining samples outside of the training dataset were 
used for external cross validation to assess prediction accuracy. Otolith weight, total length, 
sampling gear, and month, year and location of collection were included as predictor variables in 
effort to improve accuracy of age estimates. 
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 RESULTS 
 A total of 822 fall sampled, juvenile yellow perch, age-0 through age-2, were collected 
and aged from 2006-2010; 250 samples were used as a training dataset while the remaining 572 
were included in a test dataset (Table 3.1). Age estimates from 200 randomly selected juvenile 
yellow perch did not differ significantly between readers and overall percent agreement with 
reader-1 was 95% for both readers two and three, suggesting the accuracy of reader assigned age 
estimates was high (Table 3.2). A total of 1011 adult yellow perch, age-3 through age-11, were 
collected and aged in the spring from 2006-2010 with 491 used as a training dataset and 520 
added to the test dataset to assess accuracy of predicted ages (Table 3.1). 
 Juvenile total length ranged from 50 mm to 170 mm while otolith weight ranged from 
0.42 mg to 9.21 mg; little overlap of either otolith weight or total length was observed among 
age-0 through age-2 (Figure 3.3). Adult total length ranged from 176 mm to 361 mm with otolith 
weight ranging from 11.14 mg to 89.53 mg; substantial overlap of total length and otolith weight 
was observed among ages for both sexes (Figure 3.3). Growth sexual dimorphism was evident as 
early as age-4 with females larger than males (Figure 3.3). Overall OOB error rate was 35%, 
compared to 25% error for the external model validation dataset. Breaking down the external 
dataset predictions, accuracy of juvenile age predictions was 95%, with the largest 
misclassification occurring when age-2 yellow perch were classified as age-1 (21% 
misclassification; Table 3.3). Precision of juvenile age estimates was similarly high with 100% 
of predicted ages within one year of reader-estimated age (Table 3.3). Adult age 
misclassification was much higher at 45%; greatest misclassification was observed at age-3 with 
all misclassified as age-4 (Table 3.3). Despite comparatively low accuracy of adult age 
predictions, overall precision was high with 86% of predicted ages falling within one year of 
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reader-assigned age estimates (Table 3.3). Otolith weight was the most important predictor 
variable followed by month, year, sex, total length, location of collection, and sampling gear 
(Figure 3.4).  
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DISCUSSION 
 Otoliths of juvenile fishes are often small and difficult to prepare, requiring substantial 
preparation before age can be estimated based on the subjectivity of one or more readers 
(Pawson 1990). Random forest analysis coupled with otolith weight and temporal and spatial 
descriptor variables appears to have substantial utility as an objective estimator of age for 
juvenile and short-lived fishes. Though we observed complete misclassification of age-3 yellow 
perch, this was likely due to size-selective sampling as only the largest age-3 individuals 
appeared to be sampled in adult gill nets (Figure 3.3).  
 Otolith weight is highly dependent on age though it is often correlated, at least for a time, 
with total fish length (Campana 1990; Francis and Campana 2004; Post and Prankevicius 1987). 
This relationship appears to limit the utility of otolith weight as a predictor of age for older 
yellow perch. When length variability within an age is large enough, overlap of otolith weight 
between adjacent ages is likely to occur and result in age misclassification (Doering-Arjes et al. 
2008). The OOB error rate was slightly overestimated compared to that from the test dataset 
suggesting the training dataset had sufficient range to accurately predict the ages of the external 
test samples. With the exception of age-3, where total misclassification was likely due to gear 
selectivity, age misclassification was greatest for ages 7, 9, 10, and 11 at 78%, 50%, 63%, and 
70% respectively. As age increases the range of ages with possible overlap of otolith weight also 
increases, resulting in greater misclassification. Additionally, selection on the smallest 
individuals by biological pressures (i.e. predation) and largest through anthropogenic sources 
(i.e. fishing pressures) may create a large range of ages with similar lengths favoring fast growth 
in younger individuals and slower growth at older ages. Many ages with overlapping otolith 
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weights appear to limit the utility of otolith weight as a predictor of age for long-lived species 
(Doering-Arjes et al. 2008). 
 Otolith weight contributed to the greatest reduction in error followed by month, year, sex, 
total length, location, and sampling gear. As expected, otolith weight and the range of weights 
within each age, increased continually as yellow perch grew older. In contrast, total length 
reached a plateau at age-5 resulting in substantial overlap of total lengths through age-11. 
Overlap spanning several ages limits the discriminating power of total length and highlights the 
limitations of length based age estimates. The importance of month, year, sex, and location 
indicate the significance of including additional predictor variables when available. 
 Prior to estimating age from hard structures, length-frequency histograms are often used 
to visualize size structure and identify age groups (Bettoli and Miranda 2001). To increase 
rapidity and reduce labor expenditure when large numbers of fish must be aged, subsamples 
proportional to the overall number of fish within specified length bins are commonly aged, after 
which age is extrapolated to remaining fish not used in the subsample (Bettoli and Miranda 
2001). Age-length keys rely on substantial differences in length between ages to minimize error 
and accurately assign age; conditions not likely to occur in long-lived, heavily exploited fishes 
where length is homogenized over a multitude of ages. For kokanee salmon, random forest 
analysis utilizing otolith weight provided accurate, less subjective, and approximately five times 
more rapid estimates of age compared to conventional sectioning techniques (Lepak et al. 2012). 
Estimated time saved through random forest analysis differed between juvenile and adult yellow 
perch due to differences in preparation techniques. Typical juvenile otoliths required 7-10 
minutes of preparation prior to age elucidation while weighing individual otoliths could be done 
in less than 20 seconds. Thus, once the random forest has been created, age assignment is 21-30 
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times faster than those obtained through mechanical processing. Comparatively, adult otoliths 
required 2-3 minutes of preparation yielding a time saved of 6-9 times those from reader based 
age estimates. Actual time saved, however, will depend on the number of samples used to create 
the training dataset and the number of samples then aged through random forest analysis. 
Benefits through reduced resource expenditure will be unique to the species and systems 
examined and depend on the specific goals of the fisheries researcher. In addition to time saved, 
age estimates from measurable characteristics reduce subjectivity and potential error introduced 
through varying levels of reader experience.  
 We utilized random forest analysis based on an ensemble of conditional inference trees, 
to predict the age of a heavily exploited species found throughout the Great Lakes region of 
North America. The utility of random forest analysis is maximized when the number of samples 
within the training dataset is minimized. We achieved high accuracy of juvenile age estimates 
from a relatively small (n=50) subsample of each age used to create the random forest. Nearly 
half of all adults captured were utilized in forest creation (48.5%) yet misclassification was high 
particularly for middle-aged fishes, which included some of the greatest number of samples. Our 
results agree with those from marine systems and for short-lived freshwater species, with 
successful classification using otolith weight during early life and diminished accuracy as age 
increases (Cardinale and Arrhenius 2004; Doering-Arjes et al. 2008; Lepak et al. 2012). 
Additional training samples may be included for adult age estimates though benefits through 
reduced resource expenditure would be limited and an increase in accuracy likely minimal.  
 Our study represents one of the first attempts to utilize otolith weight as a predictor of age 
for a long-lived freshwater species. Though utility diminished as yellow perch age increased, this 
may be unique to the species and system investigated. Age of juvenile yellow perch is typically 
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assigned through length cutoffs that may be biased by annual length variability. We suggest 
random forest analysis with otolith weight as an alternative to reduce subjectivity and increase 
rapidity and accuracy of juvenile age estimates. Periods of rapid growth, such as early life, or 
short-lived species with rapid growth appear to be ideal candidates to utilize otolith weight based 
estimates of age. Thus when large numbers of juvenile or short-lived fishes must be aged, 
random forest analysis utilizing otolith weight and other easily measureable variables represents 
a viable tool to enhance fisheries management and research.  
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CHAPTER 3: FIGURES AND TABLES 
Table 3.1. Age classification from the test dataset of juvenile and adult yellow perch; number of samples included in the training set is 
listed while fractions represent the proportion within each age misclassified by random forest analysis. *A total of 41 adult female 
yellow perch were captured in 2007. 
    Actual Age   
Year 
# 
Training 0 1 2 3 4 5 6 7 8 9 10 11 Test 
2006 150 6/146 0/3 0/0 1/1 6/24 8/8 6/6 33/33 0/71 0/0 0/0 0/0 292 
2007 141* 1/46 3/43 1/5 0/0 2/2 0/26 4/4 1/1 3/3 4/13 0/0 0/0 143 
2008 150 1/33 4/217 6/33 1/1 0/0 10/11 3/15 2/2 0/0 4/4 3/5 1/1 322 
2009 150 0/3 0/1 0/0 0/0 9/54 13/15 17/46 32/48 0/0 1/1 2/3 13/21 192 
2010 150 0/34 1/3 3/5 11/11 7/22 12/35 8/9 7/12 7/7 0/0 0/0 5/5 143 
Total 
Misclassification   8/262 8/267 10/43 13/13 24/102 43/95 38/80 75/96 10/81 9/18 5/8 19/27 262/1092 
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Table 3.2. Number, mean age, and 95% confidence limits from a subsample of 200 sagittal 
otoliths in relation to age estimated by reader 1. 
  Reader 2 Reader 3 
Reader 1 Age N Mean Age±95% CL Mean Age±95% CL 
0 92 0.03±0.036 0.01±0.022 
1 90 1.00±0.044 0.94±0.058 
2 18 1.83±0.177 1.83±0.177 
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Table 3.3. Actual age versus predicted age of yellow perch in the test dataset sampled from 2006-2010; correct classifications are on 
the diagonal and bolded.  
 
   Actual Age 
   Age 0 Age 1 Age 2 Age 3 Age 4 Age 5 Age 6 Age 7 Age 8 Age 9 Age 10 Age 11 
   
P
re
d
ic
te
d
 A
g
e 
Age 0 254 2 0 0 0 0 0 0 0 0 0 0 
Age 1 8 259 10 0 0 0 0 0 0 0 0 0 
Age 2 0 6 33 0 0 0 0 0 0 0 0 0 
Age 3 0 0 0 0 0 0 0 0 0 0 0 0 
Age 4 0 0 0 13 78 13 7 2 0 0 0 0 
Age 5 0 0 0 0 14 52 13 7 3 4 0 0 
Age 6 0 0 0 0 4 21 42 28 1 2 2 1 
Age 7 0 0 0 0 0 3 12 21 2 0 1 9 
Age 8 0 0 0 0 6 6 5 31 71 0 0 0 
Age 9 0 0 0 0 0 0 1 4 2 9 2 2 
Age 10 0 0 0 0 0 0 0 3 2 3 3 7 
Age 11 0 0 0 0 0 0 0 0 0 0 0 8 
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Figure 3.1. Locations of gill nets used to sample juvenile (circle) and adult (square) yellow 
perch in Illinois waters of Lake Michigan from 2006-2010. 
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Figure 3.2. Example of a processed age-1 yellow perch sagittal otolith. 
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Figure 3.3. Boxplots showing the distribution of both otolith weight and total length at each age. 
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Figure 3.4. Conditional variable importance from random forest analysis. 
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CHAPTER 4: CONCLUSIONS 
 
 The recruitment dynamic of fishes is highly variable dependent on species and system 
alike (Houde 1994; Houde 2008). Marine and freshwater species typically have quite different 
reproductive strategies thus factors influencing survival to sexual maturity differ substantially 
between systems. Freshwater fishes often produce few, large progeny in comparison to those in 
marine environments and as a result, density dependent factors occurring during the juvenile life 
stage, such as competition for resources or overwinter mortality, are typically believed to set 
year-class strength (Houde 1994). Lake Michigan is highly dynamic with large-scale conditions 
that rival those found in marine systems (Dettmers et al. 2005). Little evidence of substantial 
mortality during the juvenile stage, largely due to an incomplete examination as a result of 
difficulties sampling and ageing juvenile yellow perch, has led to a focus on the larval life stage 
and the conclusion that year-class strength is set prior to the end of the first growing season 
(Fitzgerald et al. 2004).  
 Otolith weight represents an attractive, alternative, estimator of fish age as it eliminates 
subjectivity between readers and allows for rapid age determination. Strong relationships often 
exist between total length and otolith radius though the apparent dependency may be more 
influenced by metabolic conditions than somatic growth (Høie et al. 2003). Regardless, this 
relationship appears to limit the utility of otolith weight as a predictor of adult yellow perch age 
as substantial overlap in otolith weight between ages was observed. Though the utility may be 
limited to early life stages and periods of rapid growth, otolith weight provided rapid, objective, 
and accurate predictions of juvenile and early adult ages and can therefore be used to reduce 
resource expenses required for yellow perch age estimates within Lake Michigan.  
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 Our results suggest that significant size-selective mortality occurs, variably, throughout 
the juvenile life stage of yellow perch within Lake Michigan. Our results highlight the 
importance of a thorough investigation of all life stages prior to recruitment to assess when year-
class strength is determined. It is likely that a suite of interactions, between early life stages, 
influence recruitment variability and that a focus on individual life stages may be too simplistic 
an approach to address such a complex question. A synergistic examination of pre-recruit life 
stages from maternal traits to progeny characteristics and survival through the juvenile stage to 
sexual maturity is necessary and would dramatically improve understanding of yellow perch 
recruitment variability within Lake Michigan. Further research is required to assess the 
population level influences of size-selective mortality in Lake Michigan, while the utility of 
otolith weight as a predictor of age is likely species and system specific and should be 
investigated on an individual basis prior to implementation. 
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